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We report results of microwave surface impedance measurements of LiFeAs single crys-
tals. The in-plane penetration depth depends on temperature exponentially at low temper-
atures, which strongly suggests that this material has the nodeless superconducting gap.
The temperature dependence of the superfluid density indicates that LiFeAs is a multi-gap
superconductor with at least two isotropic gaps. In addtion, the real part of the microwave
conductivity exhibits a large enhancement below Tc, indicating that the quasi-particle relax-
ation time, τ , increases rapidly below Tc. We believe that this enhancement is rather common
to all superconductors where an inelastic scattering is dominant above Tc, irrespective of the
strength of the electron correlation.
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ture, iron-based superconductors, LiFeAs
The discovery of a new superconducting material family, iron-based superconductors, has
generated a great deal of interest.1) The highest superconducting transition temperature, Tc,
in this system reached 55 K in SmFeAsO in a subsequent study.2) Up to now, several struc-
tural types of iron-based superconductors have been discovered.3–6) LiFeAs is one of the few
iron based superconductors that show superconductivity without doping additional carriers.4)
As are the parent compounds in LnFeAsO1−xFx (“1111” system) or Ba1−xKxFe2As2 (“122”
system), LiFeAs consists of (Fe2As2)
2− two dimensional layers, and these three materials have
an isoelectronic state. In addition, similar electronic structures and magnetic ground states
are obtained in these three materials by the band calculations.7–9) Nonetheless, the supercon-
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ductivity does not appear in the parent compounds of 1111 and 122, but appears in LiFeAs.
Additionally, there is no experimentally-indicated evidence for the magnetic transition, which
corresponds to the spin-density wave order in the parent compounds of 1111 and 122,10) in
LiFeAs,4, 11) contrary to the expectation from the band calculation.9) It is of a great inter-
est why the physical properties in these materials are different in spite of the similarity in
the crystal and electronic structures, and whether the structure of the superconducting order
parameters is the same in these superconductors.
In general, to identify the structure of superconducting order parameters, the presence
or absence of nodes in the gap function has a great importance. The sign-reversing s± state,
where the nesting between hole and electron bands plays an important role, has been proposed
as the most reasonable superconducting pairing in these materials, based on the experimental
results in 1111 and 122.12–17) In LiFeAs, however, the reported experimental results are con-
troversial: Inosov et al. reported LiFeAs has a single isotropic superconducting gap based on
angle-resolved photoemission (ARPES) and small-angle neutron scattering (SANS) measure-
ments.18) On the other hand, some papers reported that there were multi superconducting
gaps in LiFeAs.19, 20) In this Letter, we present surface-impedance measurements in LiFeAs
single crystals, and discuss the structure of the superconducting gap based on the in-plane
penetration depth and the relaxation time of quasiparticle below Tc.
In this study, we grew the crystals of LiFeAs by a self-flux method starting with 2:1:2
of elements. The materials were put into BN crucible and sealed in a doubled-wall quartz
tube in argon atmosphere. These were heated once to 1000◦C and crystallized by gradually
cooled down from 930 to 400◦C in 80 hours and to room temperature in 1 day. Scanning
tunnel microscopy proves the stoichiometry of the cleaved surface within an error of 1%.21)
All handlings have been performed under purified argon except after the sample was wrapped
by grease in order to place the sample on the stage. This crystal shows superconductivity
at 19.0 K (onset; T onsetc ) and 17.9 K (zero resistivity; T
zero
c ), and has a resistance ratio,
r = R(300K)/R(20K), as large as 45, which indicates the high quality of the single crystal.
The surface impedance, Zs, was measured by a cavity perturbation method with a hot-finger
technique.22) Three single crystals of LiFeAs are used in our measurements, and the properties
are summarized in Table I. We used a 19 GHz TE011-mode O-free copper cavity with a quality
factor, Q ≈ 60000. To measure the surface impedance of a small single crystal with high
precision, the cavity resonator is soaked in the superfluid 4He at 1.5 K. The LiFeAs single
crystal is placed in the antinode of the microwave magnetic field, Hω(// c-axis), so that the
shielding current, Iω, is excited in the ab planes [see schematic figure in Fig. 1]. The inverse
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of quality factor, 1/Q, and the shift in the resonance frequency, ∆f ≡ fs0 − f0 (where fs0
and f0 are resonance frequencies with and without a sample, respectively), are proportional
to the surface resistance, Rs, and the change in the surface reactance, Xs, respectively. In our
frequency range of ω/2pi ≈ 19 GHz, the conductivity, σ = σ1 + iσ2, can be extracted from Zs
through the relation that is valid for the so-called skin depth regime, where the skin depth,
δ, is much shorter than the sample size:
Zs = Rs − iXs =
√
−iµ0ω
σ1 + iσ2
. (1)
In the superconducting state, the surface reactance is a direct measure of the superuid density,
ns, via Xs(T )=µ0ωλab(T ) and λ
−2
ab (T ) = µ0ns(T )e
2/m∗. In the normal state, Eq. (1) gives
Rs(T ) = Xs(T ) = (µ0ω/2σ1)
1/2 since σ1 = ne
2τ/m∗ ≫ σ2, where n is the total density of
carriers with effective mass m∗. This relation can be used to determine Xs(0)/Xs(Tc), which
allows us to determine λab(T )/λab(0) without any assumptions.
23) In the simple two-fluid
model, the real part of the conductivity, σ1, is determined by the quasi-particle dynamics.
The quasiparticle scattering time, τ , can be estimated from σ1 and σ2 through the relation:
1
1− fs
(ωτ)2 −
σ2
σ1
(ωτ) +
fs
1− fs
= 0, (2)
where fs ≡ ns/n is the superconducting fraction.
Figure 1 shows the typical temperature dependence of Zs for crystal #1. The supercon-
ducting transition temperature, Tc, is defined as the temperature where Xs starts to deviate
from the normal state behavior. Tc of crystal #1 is represented by the large red downward
arrow in Fig. 1, and estimated values are summarized in Table I. As expected from Eq. (1),
the temperature dependencies of the real and the imaginary parts above Tc are identical. In
the superconducting state, λab is obtained from the surface reactance, via Xs(T )=µ0ωλab(T ).
λab(0) of crystals #1-3 are estimated at the values in Table I. These values are slightly large
compared to the other experiments.11, 18) The normalized change in the in-plane penetration
depth, δλab(T ) = λab(T )−λab(0), of crystals #1 and #2 at low temperatures is shown in the
insets of Fig. 2. It is clear that δλab(T ) has a flat dependence at low temperatures. First, we
compare these data with the expectations in unconventional superconductors with nodes in
the superconducting gap. In clean superconductors with line nodes, thermally excited quasi-
particles near the gap nodes give rise to the T -linear temperature dependence of δλab(T ) at
low temperatures, as was observed in YBa2Cu3O7−δ single crystals with d-wave symmetry.
24)
In the case of a superconductor with d-wave symmetry, the penetration depth satisfies the
relation of δλab(T )/λab(0) ≈ (ln 2/∆0)kBT
22) where ∆0 is the maximum of the energy gap
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∆(k). This linear temperature dependences with a gap ratio of ∆0/kBTc ≈ 2.0 (crystal #1),
1.6 (crystal #2), which are shown by the dashed line in the insets of Fig. 2, clearly devi-
ate from the data of the LiFeAs single crystals. In superconductors without any nodes, the
quasiparticle excitation is a thermally-activated type, which gives an exponential dependence
λab(T )
λab(0)
≈
√
pi∆
2kBT
exp(−
∆
kBT
) (3)
for T ≤ Tc/2.
25) Fitting of the experimental data to Eq. (3), which is shown by the solid
line in the insets of Fig. 2, enables us to estimate the minimum energy ∆min required for
quasiparticle excitations at T = 0 K, i.e., 2∆min/kBTc = 4.0 (crystal #1), 3.2 (crystal #2).
The normalized superfluid density ns/n = λ
2
ab(0)/λ
2
ab(T ) of crystals #1 and #2 is also
plotted as a function of temperature in the main panels of Figs. 2 (a) and (b), respectively.
As is the temperature dependence of δλab, the low-temperature behavior is flat, indicating
a nodeless superconducting gap. Since the iron-based superconductors have the multiband
electronic structure,7) we try to fit the whole temperature dependence of ns with a simple
two-gap model ns(T ) = xns1(T )+ (1−x)ns2(T ).
14, 15, 26, 27) The band 1 (2) has the superfluid
density, ns1 (ns2), which is determined by the gap, ∆1 (∆2), and x defines the relative weight of
each band to ns. The best fitted results are summarized in Table I. Except for crystal #1, the
temperature dependence of the superfluid density cannot be wholly represented by a single-
gap calculation. This suggests that LiFeAs is a superconductor with at least two nodeless
superconducting gaps. It should be noted that the values of ∆1 and ∆2 in crystals #2 and
#3 are comparable to ones reported by ARPES.19) According to the comparison with the
result of ARPES,19) ∆1 and ∆2 correspond to the superconducting gaps around hole-like and
electron-like Fermi surfaces, respectively. On the other hand, one “large” superconducting gap
is observed in crystal #1 unlike the other two crystals. It should be noted that ∆1 is almost
the same among all three crystals investigated, whereas ∆2 is different between crystals #2
and #3. Therefore, we interpret that ∆2 becomes almost equal to ∆1 in crystal #1, leading
to the apparent absence of the second gap, ∆2. Indeed, the crystal with larger ∆2 has smaller
λab. The difference of ∆2 may result from the delicate difference among some pieces of LiFeAs
single crystals, possibly resulting from the differences of Li contents and/or the surface state,
and so on. After all, we conclude that LiFeAs is a two-gap superconductor as a general feature.
Figure 3 shows the temperature dependence of the normalized quasiparticle conductivity,
σ1(T )/σ1(T
zero
c ), of crystal #1 which is extracted from Zs by Eq. (1). σ1 shows a large en-
hancement below Tc. In conventional BCS superconductors, σ1 shows an enhancement called
as the “coherence peak”.28) In comparison with the coherence peak [blue solid line in Fig.
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3],29) this peak is not asymmetric, and considerably large and broad, and shifts slightly to-
ward low temperatures. In addition, a peak near Tc do not observed in the NMR relaxation
rate of the same material.30, 31) Since the coherence peak becomes suppressed with increasing
frequency in the framework of the BCS theory, the result of the NMR experiment strongly
suggests that this enhancement has a different origin. The absence of the coherence peak in
σ1(T ) suggests that two superconducting gaps in LiFeAs have different signs(s±).
Similar enhancement is observed in σ1(ω, T ) in cuprate superconductors. This is under-
stood as the result of the competition between increasing the quasiparticle scattering time
and the decreasing quasiparticle density, nn(T ) = n − ns(T ), with decreasing temperature.
In this context, the quasiparticle scattering time, τ , of crystal #1 in the superconducting
state, which is calculated by Eq. (2), is shown in the inset of Fig. 3. In the normal state, τ
is estimated at about 2 × 10−13 sec from ρDC(=
m∗
ne2τ ), which is shown by the filled square
in Fig. 3. With the superconducting transition, τ observes a sharp increase by 2 orders of
magnitude. The rapid increase of τ below Tc suggests that a gap opens in the excitation
spectrum of a dominant quasiparticle scatterer by the superconducting transition. Thus, it
indicates that the dominant inelastic scattering in the normal state of LiFeAs has an electronic
origin. Besides cuprates, the similar peak is commonly observed in heavy-electron supercon-
ductors32) and other iron-based superconductors (1111 and 122).14, 15) All of these materials
have strong electron correlation. LiFeAs, on the other hand, is considered to be a fermi-liquid
material with a relatively weak electron correlation because of the following reasons: First,
the temperature dependence of ρDC is proportional to the square of temperature, which is a
characteristic behavior in the Fermi-liquid material. Next, a band calculation of LiFeAs also
describes the experimentally-acquired electronic structure rather well,9, 18, 19) indicating that
the band picture is appropriate in this material. Therefore, the rapid increase of τ below Tc
observed in LiFeAs shows that this phenomena is not characteristic of strongly-correlated
superconductors, but is rather common to superconductors where the inelastic scattering is
dominant above Tc, irrespective of the strength of the electron correlation.
In conclusion, we have measured the surface impedances in LiFeAs single crystals. The
temperature dependence of the penetration depth at low temperatures is the thermally-
activated type, which shows that this material has a superconducting gap without any nodes.
The fitting of the temperature dependence of the superfluid density by the phenomenological
model reveals that LiFeAs has, at least, two isotropic superconducting gaps. In addition, the
temperature dependence of σ1 shows a broad peak below Tc. The origin of this peak is not
the coherence peak, but the rapid increase of the quasiparticle scattering time below Tc. The
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observation of the enhancement of τ in LiFeAs, which is considered to be a typical fermi-liquid
material, indicates that this behavior is rather common to superconductors where the inelastic
scattering is dominant above Tc, irrespective of the strength of the electron correlation.
We thank Mr. Joji Nasu, Prof. Yusuke Kato, and Prof. Masashi Takigawa for the fruitful
discussions.
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Fig. 1: (color online) Temperature dependence of Rs and Xs at 19 GHz in crystal #1.
The large red downward arrow exhibits Tc of crystal #1. The inset shows the temperature
dependence of the dc resistivity.
Fig. 2: (color online) Main panels: λ2ab(0)/λ
2
ab(T ) for (a) crystal #1 and (b) crystal #2 fit-
ted to the simple two-gap model with (a) ∆1 = 2.00kBTc or (b) ∆1 = 1.23kBTc,∆2 = 2.21kBTc
(blue solid line). Above Tc, the normal-state skin-depth contribution gives a finite tail. Insets:
δλab(T )/λab(0) at low temperatures for (a) crystal #1 and (b) crystal #2 fitted to Eq. (3)
with ∆ = (a) 2.0kBTc or (b) 1.6kBTc (solid line). The dashed line represents the T -linear
dependence expected in clean d-wave superconductors22) with maximum gap ∆0 = (a)
2.0kBTc or (c) 1.6kBTc.
Fig. 3: (color online) Temperature dependence of normalized quasiparticle conductivity at
19 GHz for crystal #1. The red solid line is a BCS calculation29) with τ(Tc) = 2.0×10
−13 sec.
The inset shows the temperature dependence of τ . τ in the superconducting state is calculated
by Eq. (2). τ in the normal state, on the other hand, is estimated at about 2× 10−13 sec from
the data of ρDC.
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Table I. Specifications of LiFeAs single crystals we studied. Tc is defined as the temperature where
Xs starts to deviate from the normal state behavior. ∆1, ∆2 and x are determined by the fitting to
the temperature dependence of the superfluid density using the phenomenological two-gap model.
Details are described in the text.
Crystal Tc (K) λab (nm) ∆1 (meV) ∆2 (meV) ∆1/kBTc ∆2/kBTc x
#1 17.0 450± 90 2.93 - 2.00 - 1
#2 15.6 510± 90 2.97 1.65 2.21 1.23 0.739
#3 16.3 600± 90 2.98 1.10 2.12 0.785 0.896
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Fig. 1.
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Fig. 2.
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Fig. 3.
11/13
References
1) Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono: J. Am. Chem. Soc. 130 (2008) 3296.
2) Z. Ren, W. Lu, J. Yang, W. Yi, X.-L. Shen, Z.-C. Li, G.-C. Che, X.-L. Dong, L.-L. Sun, F. Zhou,
and Z.-X. Zhao: Chin. Phys. Lett. 25 (2008) 2215.
3) M. Rotter, M. Tegel, and D. Johrendt: Phys. Rev. Lett. 101 (2008) 107006.
4) J. H. Tapp, Z. Tang, B. Lv, K. Sasmal, B. Lorenz, P. C. W. Chu, and A. M. Guloy: Phys. Rev. B
78 (2008) 060505.
5) F. C. Hsu, J. Y. Luo, K. W. Yeh, T. K. Chen, T. W. Huang, P. M. Wu, Y. C. Lee, Y. L. Huang,
Y. Y. Chu, D. C. Yan, and M. K. Wu: Proc. Natl. Acad. Sci. U.S.A. 105 (2008) 14262.
6) H. Ogino, Y. Matsumura, Y. Katsura, K. Ushiyama, S. Horii, K. Kishio, and J. Shimoyama:
Supercond. Sci. Technol. 22 (2009) 075008.
7) D. J. Singh and M.-H. Du: Phys. Rev. Lett. 100 (2008) 237003.
8) K. Kuroki, S. Onari, R. Arita, H. Usui, Y. Tanaka, H. Kontani, and H. Aoki: Phys. Rev. Lett.
101 (2008) 087004.
9) D. J. Singh: Phys. Rev. B 78 (2008) 094511.
10) C. de la Cruz, Q. Huang, J. W. Lynn, J. Li, W. R. II, J. L. Zarestky, H. A. Mook, G. F. Chen,
J. L. Luo, N. L. Wang, and P. Dai: Nature 453 (2008) 899.
11) F. L. Pratt, P. J. Baker, S. J. Blundell, T. Lancaster, H. J. Lewtas, P. Adamson, M. J. Pitcher,
D. R. Parker, and S. J. Clarke: Phys. Rev. B 79 (2009) 052508.
12) T. Kondo, A. F. Santander-Syro, O. Copie, C. Liu, M. E. Tillman, E. D. Mun, J. Schmalian, S. L.
Bud’ko, M. A. Tanatar, P. C. Canfield, and A. Kaminski: Phys. Rev. Lett. 101 (2008) 147003.
13) H. Ding, P. Richard, K. Nakayama, K. Sugawara, T. Arakane, Y. Sekiba, A. Takayama, S. Souma,
T. Sato, T. Takahashi, Z. Wang, X. Dai, Z. Fang, G. F.Chen, J. L. Luo, and N. L.Wang: Europhys.
Lett. 83 (2008) 47001.
14) K. Hashimoto, T. Shibauchi, T. Kato, K. Ikada, R. Okazaki, H. Shishido, M. Ishikado, H. Kito,
A. Iyo, H. Eisaki, S. Shamoto, and Y. Matsuda: Phys. Rev. Lett. 102 (2009) 017002.
15) K. Hashimoto, T. Shibauchi, S. Kasahara, K. Ikada, S. Tonegawa, T. Kato, R. Okazaki, C. J.
van der Beek, M. Konczykowski, H. Takeya, K. Hirata, T. Terashima, and Y. Matsuda: Phys.
Rev. Lett. 102 (2009) 207001.
16) Y. Nakai, K. Ishida, Y. Kamihara, M. Hirano, and H. Hosono: J. Phys. Soc. Jpn. 77 (2008) 073701.
17) M. Yashima, H. Nishimura, H. Mukuda, Y. Kitaoka, K. Miyazawa, P. M. Shirage, K. Kihou,
H. Kito, H. Eisaki, and A. Iyo: J. Phys. Soc. Jpn. 78 (2009) 103702.
18) D. S. Inosov, J. S. White, D. V. Evtushinsky, I. V. Morozov, A. Cameron, U. Stockert, V. B.
Zabolotnyy, T. K. Kim, A. A. Kordyuk, S. V. Borisenko, E. M. Forgan, R. Klingeler, J. T. Park,
S. Wurmehl, A. N. Vasiliev, G. Behr, C. D. Dewhurst, and V. Hinkov: Phys. Rev. Lett. 104 (2010)
187001.
19) S. V. Borisenko, V. B. Zabolotnyy, D. V. Evtushinsky, T. K. Kim, I. V. Morozov, A. N. Yaresko,
A. A. Kordyuk, G. Behr, A. Vasiliev, R. Follath, and B. Bu¨chner: Phys. Rev. Lett. 105 (2010)
067002.
20) F. Wei, F. Chen, K. Sasmal, B. Lv, Z. J. Tang, Y. Y. Xue, A. M. Guloy, and C. W. Chu: Phys.
Rev. B 81 (2010) 134527.
21) T. Hanaguri: unpublished .
12/13
22) A. Maeda, H. Kitano, and R. Inoue: Journal of Physics: Condensed Matter 17 (2005) R143.
23) T. Shibauchi, H. Kitano, K. Uchinokura, A. Maeda, T. Kimura, and K. Kishio: Phys. Rev. Lett.
72 (1994) 2263.
24) W. N. Hardy, D. A. Bonn, D. C. Morgan, R. Liang, and K. Zhang: Phys. Rev. Lett. 70 (1993)
3999.
25) J. Halbritter: Z. Phys. A 243 (1971) 201.
26) V. G. Kogan and N. V. Zhelezina: Phys. Rev. B 69 (2004) 132506.
27) J. D. Fletcher, A. Carrington, O. J. Taylor, S. M. Kazakov, and J. Karpinski: Phys. Rev. Lett. 95
(2005) 097005.
28) O. Klein, E. J. Nicol, K. Holczer, and G. Gru¨ner: Phys. Rev. B 50 (1994) 6307.
29) W. Zimmermann, E. Brandt, M. Bauer, E. Seider, and L. Genzel: Physica C: Superconductivity
183 (1991) 99 .
30) Z. Li, Y. Ooe, X.-C. Wang, Q.-Q. Liu, C.-Q. Jin, M. Ichioka, and G. qing Zheng: J. Phys. Soc.
Jpn. 79 (2010) 083702.
31) K. Kitagawa: in-preparation .
32) R. J. Ormeno, A. Sibley, C. E. Gough, S. Sebastian, and I. R. Fisher: Phys. Rev. Lett. 88 (2002)
047005.
13/13
